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(54) Memory cell 



(57) A multibit magnetic memory cell (400) includes 
first (410) and second (470) data layers. An antiferro- 
magnetically coupled layer pair (430, 450) is disposed 
between the first and second data layers. In one embod- 
iment the first and second data layers have distinct co- 
ercivities. The memory cell structure comprises a plu- 
rality of separation layers (420, 460) separating the first 
and second data layers and the antiferromagnetically 
coupled layer pair. In one embodiment, a coupling layer 
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(440) disposed between the antiferromagnetically cou- 
pled layer pair is a metallic conductive material compris- 
ing Ruthenium (Ru) or copper (Cu). In one embodiment, 
separation layers (420 , 460) disposed between each of 
the first and second data layers and the antiferromag- 
netically coupled pair are nonconductive such that the 
cell is a spin dependent tunneling magnetoresistive 
(TMR) celL Alternatively, the separation layers (420, 
460) are conductive such that the cell is a giant magne- 
toresistive (GMR) cell. 
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Description 

[0001 3 : - This invention relates to the fieJd of nonvolatile 
memories, in particular a memory cell such as a multiple 
bit magnetic memory cell. - s 

[0002] One type of nonvolatile memory relies on mag- 
netoresistive principles. A particularly useful magne- 
toresistive effect is referred to as the giant magnetore- 
sistive effect. In one embodiment, GMR-based magnet- 
ic memory cells are multilayered structured comprising 10 
conductive magnetic layersand a conductive non-mag- 
netic metallic layer. The magnetic state of the cell is de- 
termined by the relative orientation of a magnetic vector 
in one magnetic layer to a magnetic vector in another 
magnetic layer (e.g., parallel or anti-parallel). The resist- *5 
ance of the cell differs according to the relative orienta- 
tions of the magnetic vectors. Accordingly the state of 
the cell can be determined by applying a voltage across 
the cell and measuring a resulting sense current. 
[0003], One type of GMR memory cell "pins" the mag- 20 
netic vector of, one of the layers. The layer containing 
the pinned magnetic vector is referred .to as the refer- 
ence layer. The state of the cell, is then controlled by 
varying the orientation of the magnetic vector in the oth- 
er magnetic layer. The non-pinned magnetic layer is al- 25 
so referred to as the data layer. The orientation of the 
magnetic vector in. the data layer is controlled through 
the application of a magnetic field that has little effect 
on the magnetic vector of the pinned layer at least at low 
field intensities. This type of cell is referred to as.a spin 30 
valve cell or as a GMR cell. v 
[0004] A spin dependent tunneling cell uses a non- 
conductive barrier layer such as dielectric materia! in- 
stead of a metallic layer between the reference and data 
layers. The transport mechanism between reference 35 
and data layers is tunneling through the barrier layer. 
Thus the cell may be referred to as a tunneling magne- 
toresistive (TMR) cell. The TMR cell offers a number of 
advantages over the conductive GMR cells. In particu- 
lar, a greater change in resistance is observed with the 40 
TMR cell structure as opposed to the GMR cell struc- 
ture. 

[0005] With respect to both GMR and TMR cells struc- 
tures, the reference or pinned layer can create a mag- 
netostatic or demagnetization field in the data layer due 45 
to the proximity. of the reference and data.iayers. The 
magnetostatic field from the reference layer can be- 
come the dominant field and thus permanently change 
the magnetization of the data layer. Data storage thus 
becomes unreliable. Although the height of the metallic so 
separation layer can be increased to compensate forthe 
magnetostatic field in the GMR eel! structures, the 
height of the barrier in TMR structures is constrained by 
the necessity of having the barrier.thin enough to ac- 
commodate quantum tunneling. 55 
[0006] One- prior art magnetic memory cell structure 
utilizes two data layers to store multiple bits. One disad- 
vantage of this structure is that the length -to-widtfias- 
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pect ratio of each layer needs to be 5 or more to reduce 
the effect of the magnetostatic field thus reducing the 
storage density of a device constructed from such cells. 
Another disadvantage is that the prior art structure is 
capable of realizing only two resistance values. Deter- 
mining the state of the device requires a destructive 
readback scheme followed by a rewrite operation. 
[0007] The present invention seeks to provide an im- 
proved memory cell. 

[0008] According to an aspect of the present inven- 
tion, there is provided a memory cell as specified in 
claim 1 . . 

[0009] One embodiment of a multibit magnetic mem- 
ory cell includes first and second data layers. An antif- 
errornagnetically coupled pair of reference layers is dis- 
posed between the first and second data layers. In one 
embodiment the first and second data layers have dis- 
tinct coercivities. The memory cell structure comprises 
a separation layer separating each of Ihe first and sec- 
ond data layers from the antiferrornagnetically coupled 
layer pair. In one embodiment, the separation layers are 
nonconductive. In an alternative embodiment, the sep- 
aration layers are conductive. 

[0010] In various embodiments, heights and lengths 
of the layers may be selected to ameliorate magneto- 
static fields between the data layers. In one embodi- 
ment, a height of the first and second data layers is not 
the same. In another embodiment, a height of the sep- 
aration layer between the second data layer and the an- 
tiferrornagnetically coupled pair of layers is not the same 
as a height of the separation layer between the first data 
layer and the antiferrornagnetically coupled pair of ref- 
erence layers. 

[0011] A preferred method of fabricating a multibit 
magnetic memory cell includes the step of forming a first 
ferromagnetic layer over a semiconductor substrate. 
The method includes the step of forming a second fer- 
romagnetic layer over the first ferromagnetic layer. An 
antiferrornagnetically coupled layer pair is formed such 
that the antiferrornagnetically coupled layer pair is dis- 
posed between the first and second ferromagnetic lay- 
ers. 

[0012] An embodiment of the present invention is de- 
scribed below, by way of example only, with reference 
to the accompanying drawings, in which: 
[0013] Figure 1 illustrates one embodiment of a mag- 
netic memory cell having a GMR cell structure. 
[0014] Figure 2 illustrates one embodiment of a TMR 
cell structure. 

[001 5] Figure 3 illustrates the magnetic vector of a da- 
ta layer antiparallel to a magnetic vector in the reference 
layer as a result of the magnetostatic field generated by 
the reference layer. 

[0016] Figure 4 illustrates one embodiment of a mul- 
tiple bit magnetic memory cell structure. 
[0017] Figure 5 illustrates a table of resistance values 
corresponding to the relative orientation of the magnetic 
vectors in the data layers of Figure 4. 
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[0018] Figure 6 illustrates one embodiment of r mag- 
netic memory cell structure with data layers of varying 
lengths. 

[0019] Figure 7 illustrates one. embodiment of a 3 bit 
magnetic memory cell structure. 

[0020] Figure 8 illustrates one embodiment of a- meth- 
od of forming a multibit magnetic memory cell having an 
antiferromagnetically coupled layer pair disposed be- 
tween two data layers. 

[0021] The giant magnetoresistive (GMR) effect re- 
sults from a change in resistance observed in a multi- 
layer ferromagnetic/nonmagnetic structure when rela- 
tive orientations.of magnetic vectors in- alternate- mag- 
netic layers changes as a; function of an ; applied;field. 
The resistance of the structure is a function oJ-the angle 
between the magnetic vectors in adjacent magnetic lay- 
ers. Magnetic vectors with the same orientation are re- 
ferred to as "parallel. " Magnetic vectors of opposite ori- 
entation are referred to as antiparalleL 
[0022] The electrical resistivity of a magnetic metal 
depends on the direction of the electron spin to the mag- 
netic vector of the layer. Electrons that have a parallel 
spin undergo less scattering resultingin a lower resis- 
tivity for the material. When the vectors of the magnetic 
layers are antiparallel at low field strengths, there are 
no electrons that have a low scattering rate in both mag- 
netic layers. Thus the resistivity of the material increas- 
es. The electrical, res is itivity of multilayered ferromag- 
netic/nonmagnetic structures thus depends on the rela- 
tive orientations of the magnetic vectors of different 
magnetic layers. 

[0023] Figure 1 illustrates one embodimentof a mag- 
netic memory cell 1 00 having a nonmagnetic separation 
layer 1 20 sandwiched between two-magnetic layers itl.O 
and 130. Each of the magnetic layers .has -magnetic 
vector 1 1 2 and 1 32. The illustrated magne.tic,yectorsll2 
and 132 are anti-parallel. The magnetic layers: 11.0 and 
130 are conductive metallic layers -In one type , of mag- 
netic memory cell (i.e.-, GMR), separation layer 120 is <a 
conductive metallic layer./.. - :-,v ■■!•. 

[0024] Figure 2 illustrates another embodiment of; a 
magnetic memory cell 200. Cell 200 includes two mag- 
netic layers .210 and 230 separated by. -a dielectric or 
nonconductive separation layer 22.0. Magnetic vectors 
212 and 232 are parallel in this example. Currentf low 
is accomplished by quantum tunneling : between ; mag- 
netic layers 210 and 230 through separation layer.220. 
This type of cell is a spin dependent tunneling magne; 
toresistive (TMR) cell. ■.: ■ 

[0025] Magnetic memory cells can be constructed 
such that the magnetic' vector in one of, the layers is 
"pinned" to prevent changes. Such; eel Is are refer red. to 
as spin valve cells. Referring to Figures 1. and:2,; if layers 
130 and 230 are pinned, then, layers, 1 JO and 210 are 
referred to as the data layers and, layers 1.30 and 230 
are referred to as the reference layers. The state of th£ 
cell is determined by the relative orientation; of- the mag- 
netic vectors between the data and. refer nee layers. 



Given that the reference layer has a fixed magnetic vec- 
tor 232, cell 200 is capable of representing 2 states cor- 
responding to^'Single bit of information. Magnetic mem- 
ory cells cart also be designed to store multiple bits of 

5 information. ■' ; 

[0026] As the distance between the magnetic layers 
decreases, the effect of the magnetic vector of the ref- 
erence layer upon the data layer becomes more pro- 
nounced.. Referring to Figure 3, reference layer 330 im- 

10 poses an' magnetostatic field on the data layer 31 0. The 
magnetostatic afield Lnduees an anti-parallel magnetic 
vector in data layer 31 0 relative to reference layer 330 
as indicated by. vectors^l^and 332. As the dimensions 
of the intervening separation layer 320 decreases, the 

15 magnetostatic field-of the reference layer 330 may per- 
manently change the-magnetization of the- data layer 
310 rendering the merhory cell incapable of reliable data 
•storage. For- non-tunneling devices or GMR devices, 
this undesirable effect can be ameliorated somewhat by 

20 increasing the height of the metallic ^separation* iayer 
120.; For tunneling* structures, ^however, the height of 
separation layer 220 is constrained by the need to sup- 
port quantum tunneling.. 1 ■ 
[0027] Figure 4 ; illustrates one embodiment" of a mul- 

25 tiple bit magnetic. memory cell 400. Cell 400 includes a 
pair of .reference layers 430 : 450 and two data layers 
410, 470. Layers;430 and 150 are separated by a thin 
separation Iayer440. The height and composition of lay- 
er*440 are selected to result in permanent antiferromag- 

30 netic coupling between layers 430 and 450. In one em- 
bodiment, the thickness of separation layer 440 is be- 
tween 0:5:and .1.:0 nm. In various embodiments, -layer 
440 comprises Ruthenium (Ru) or copper-(Gu). 
[0028] ; A\fir-stdata layer 410 ;is separated from refer- 

35 ence Iayerr430 by a first separation layer 420. Similarly, 
a second data:layer.470is separated from reference lay- 
er 450 toy a isecond separationlayer 460rin one embod- 
iment-separation layers 420 and 460 ;are nonconduc- 
ttve!,,non metal lie layers such fli at eel J 400 is aTMR cell. 

40 i™ amalternative. embodiment/ Iayersi420 and 460 are 
con o^ctive 1 metallic layers such that cell 400 is a GMR 
cell. 

[0029] . ' The antiferromagnetically coupled pair of lay- 
ersr(430;450):set up opposing magnetostatic fields. Due 

45 to ;the relative proximity of. these layers to each other 
with respect to the proximity of the pair to each data lay- 
er, however, the. opposing Tnagnettc.fields substantially 
cancel each other. Thus the opposing magnetostatic 
fields produced-by anti-parallel. magnetic vectors in lay- 

50 ers 430 and 450 do not have an /appreciable net effect 
on datalayer-41 0 or data layer 470; Moreover, the height 
of:the individual layers within the celt can be selected to 
decreased e> effect. of magnetostatic fields from the data 
layers on. each other;; u ..n • ■ 

55 [0030] The use of two. data layers permits cell 400 to 
store, two bits of information v ;Thus cell 400 is a multiple 
bit onmulti bit. memory cell In one embodiment, the data 
layers 41 0:and 470 have different coercivities. This may 
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be accomplished, for example, by constructing layers 
410 and 470 from different materials. The, height or 
thickness of data layer 41 0 is T1 , The height orthickness 
of data layer 470 is 12. In one embodiment, data layers 
410 and 470 have different thicknesses such that T1 
T2. ; 

[0031] The resistance between layer 410 and 430 is 
R 1 when magnetic vectors 41 2 and 432 are parallel. The 
resistance increases by an amount, dR1 , when magnet- 
ic vectors 412 and 432 are anti-parallel. In one embod- 
iment, R1 is approximately 1 MQ and dR1 is approxi- 
mately 200 KQ. 

[0032] The resistance between layers 450 and 470 is 
R2 when magnetic vectors 452 and 472 are parallel. The 
resistance increases by an amount, dR2, when magnet- 
ic vectors 452 and 472 are anti-parallel. In one embod- 
iment, R2 is approximately 2 MQ and dR2 is approxi- 
mately 400 KQ. 

[0033] Table 500 of Figure 5 illustrates the relation- 
ship between the orientation of the magnetic vectors 
412 and 470 and the stack resistance across cell 400 
expressed as functions of R1 , R2, dR1 , and dR2. The 
resistance is being measured between the first 41 0 and 
second 470 data layers without regard to reference lay- 
ers 430 and 450. The antiferromagnetically coupled pair 
of reference layers, however, are referred to as refer- 
ence layers in this case because of the permanent ori- 
entation of their magnetic vectors 432 and 452. 
[0034] Memory cell 400 can realize four distinct val- 
ues of stack resistance when dR1 * dR2. This may be 
accomplished by varying the material or the height of 
separation layers 420 and 460. This is accomplished in 
one embodiment, for example, by selecting the dimen- 
sions of layers 420 (G1) and 460 (G2) such that G1 is 
substantially different from G1 (i.e., G1*G2). The ability 
to represent each state by a unique resistance instead 
of by a resistance/vector combination enables the elim- 
ination of a destructive read process. 
[0035] With dimensions of T2 = 4 nm, G2 = 2.5 nm, 
TP = 9 nm, G1 = 1 .5 nm, and T1 » 2 nm, the center of 
data layer 410 is 16 nm away from the center of data 
layer 470. At this distance, the effect of the magneto- 
static field of data layer 470 on data layer 41 0 is signif- 
icantly reduced. The effect can be further reduced by 
increasing the length of the thicker data layer relative to 
that of the thinner data layer as illustrated in Figure 6. 
The effect of the magnetostatic field from the thicker da- 
ta layer 620 on the thinner data layer 61 0 of memory cell 
600 can be reduced by increasing the length (L2) of the 
thicker data layer 620 relative to that (L1 ) of the thinner 
data layer 610. 

[0036] The cell structure can be expanded to store 
more than two bits as illustrated in cell 700 of Figure 7. 
Cell 700 includes a first data layer 710, a second data 
layer 730, and a third data layer 750. A first antiferro- 
magnetically coupled layer pair 720 is disposed be- 
tween the first 710 and second 730 data layers. A sec- 
ond antiferromagnetically coupled pair of layers 740 is 



disposed between the second 730 and third 750 data 
layers. Up to, eight magnetic vector combinations are 
possible with cell 700. Through proper selection of layer 
materials, the stack resistance corresponding to each 
5 state can be distinct. Thus cell 700 can represent up to 
3 bits of information through eight different resistance 
values. The cell structure can be further expanded to 
support higher storage densities if needed. 
[0037] A plurality of magnetic memory cells may be 
io arranged to form a magnetic random access memory 
(MRAM) storage device. The cells are individually re- 
ferred to as MRAM cells. In one embodiment, the MRAM 
device comprises an array of MRAM cells individually 
accessed by a sense line and a word line arranged in a 
1 5 mesh or grid of electrical conductors. In one embodi- 
ment, the array of MRAM cells is formed on a semicon- 
ductor substrate so that the MRAM storage device can 
have the form factor of an integrated circuit package. 
[0038] Figure 8 illustrates a method of forming indi- 
go vidual multibit magnetic memory cells on a semiconduc- 
tor substrate. In step 810 a conductor layer is formed on 
the semiconductor substrate. In step 820 a seeding lay- 
er is formed over the conductor layer. A first data layer 
is formed over the seeding layer in step 830. A first sep- 
25 aration layer is then formed over the first data layer in 
step 832. 

[0039] In step 840, a first layer of the antiferromagnet- 
ic pair is deposited over the first separation layer in the 
presence of an external magnetic field. An antiferromag- 

30 netic pair coupling layer is formed over the first layer of 
the antiferromagnetic pair in step 842. A second layer 
of the antiferromagnetic pair is deposited over the anti- 
ferromagnetic pair coupling layer in step 844. 
[0040] In one embodiment, the material selected for 

35 the antiferromagnetically coupled layers has high ani- 
sotrpy (Hk). In one embodiment, the material for the an- 
tiferromagnetically coupled pair of layers comprises co- 
balt (Co). In various embodiments, the coupling layer 
comprises Ruthenium or copper. The antiferromagnetic 

40 coupling field of the coupling layer pins the magnetic 
vector of the second layer. In one embodiment the cou- 
pling layer is less than 1 nm thick. 
[0041] In step 850, a second separation layer is 
formed over the second layer of the antiferrdmagneti- 

■45 ealiy coupled pair of layers. In one embodiment, each 
of the first and second separation layers is formed by 
depositing an aluminum (Al) layer which is then oxidized 
in an argon/oxygen (Ar/Q 2 ) plasma to form an aluminum 
oxide tunnel barrier. In one embodiment, the separation 

50 layers comprise metallic conductive material. 

[0042] In step 860, the second data layer is formed 
over the second separation layer. The first and second 
data layers may be formed by sputtering or evaporating 
ferromagnetic material. In one embodiment, each of the 

55 first and second data layers comprises a nickel-iron 
(NiFe) or a nickel-iron-cobalt (NiFeCo) ailoy. 
[0043] A capping layer may be applied to the magnet- 
ic memory cell stack as indicated in step 870. A top con- 
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ductor is formed over the stack in step 880 such that the 
cell is sandwiched between the top and bottom conduc- 
tors. 

[0044] The disclosures in United States patent appli- 
cation no. 09/522,308, from which this application 
claims priority, and in the abstract accompanying this 
application are incorporated herein by reference. 



Claims 

1 . A memory cell comprising: 

a first and a second data layer (110- 210) com- 
prising magnetic material; and- ■ •. 
an antiferromagnetically coupled layer pair dis- 
posed between the first and second data lay- 
ers. 

2. A memory cell as in claim 1 , wherein the first data 
layer (110) is separated from a first reference layer 
(1 30) by a first separation layer (1 20) of height G1 , 
and the second data layer (210) is separated from 

. a second reference layer (230) by a second- sepa- 
ration layer (220) of height G2, wherein G1 * G2. 

3. A memory cell as in claim 2, wherein each separa- 
tion layer (120, 220) is a barrier comprising a non- 
conductive nonmagnetic material. 

4. A memory cell as in claim 2, wherein^each. separa- 
tion layer (120, 220) comprisesa conductive non- 
magnetic material. 

5. A memory cell as in any preceding claim, wherein 
the first and second data layers (110, 21 0) have dif- 
ferent coercivities. .*■. 

6. A memory cell as in any preceding claim, wherein 
a height T1 of the first data layer (110) is substan- 
tially distinct from a height T2 of the second data 
layer (210) such thatTI * T2. 

7. A memory cell as in claim 6 .wherein T2 > "FIT- and 
the length of the second, data layer is greater than 
the length of the first data layer. 

8. A memory cell as in -any preceding claim, wherein 
the antiferromagnetically coupled layer, pair, are 
separated by a conductive coupling layer; 

9. A method of constructing a memory cg!1, comprising 
the steps of: 

a) forming a first ferromagnetic layer (830) over 
a semiconductor substrate; 

b) forming a second ferromagnetic layer (8'3G) 
over the first ferromagnetic layer; and 



! * c) fbrrning 'a- pair of a ntiferrb magnetically cou- 
-> > pled lasers (840, 844), wherein the layer pair is 
disposed between the first and second ferro- 
magnetic layers? 

5 ••. ' • '* " 

10. A method as in claim 9, comprising the step of: 

d) forming a nonconductive separation iayer 
(832, 850) between each of the ferromagnetic lay- 
ers and the antiferromagnetically coupled pair of 
10 . layers. ^ 
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(54) Memory cell 



(57) A multibit magnetic memory cell (400) includes 
first (410) and second (470) data layers. An antiferro- 
magnetically coupled layer pair (430, 450) is disposed 
between the first and second data layers. In one embod- 
iment the first and second data layers have distinct co- 
ercivities. The memory cell structure comprises a plu- 
rality of separation layers (420, 460) separating the first 
and second data layers and the antiferromagnetically 
coupled layer pair. In one embodiment, a coupling layer 



(440) disposed between the antiferromagnetically cou- 
pled layer pair is a metallic conductive material compris- 
ing Ruthenium (Ru) orcopper (Cu). In one embodiment, 
separation layers (420. 460) disposed between each of 
the first and second data layers and the antiferromag- 
netically coupled pair are nonconductive such that the 
cell is a spin dependent tunneling magnetoresistive 
(TMR) cell. Alternatively, the separation layers (420, 
460) are conductive such that the cell is a giant magne- 
toresistive (GMR) cell. 
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